The role of nuclear factor kappa B (NF-κB) in oxidative stress, and most recently in pro-and anti-apoptotic-related mechanistic pathways, has well been established. Because of the dual nature of NF-κB, the wide range of genes it regulates and the plethora of stimuli that activate it, various studies addressing the functional role of NF-κB proteins have resulted in a number of differing findings. The present study examined the effect of a stimulus-free environment on the frontal cortex of mice brain with the p50 subunit of NF-κB knocked out p50 (−/−). Homozygous p50 mice knockout (KO) and wild type (WT) were used, and at 7-9 weeks they were sacrificed and various brain regions dissected. We analyzed the levels of oxidation in the frontal cortex of both the p50 (−/−) and WT mice. There was a significant reduction in the levels of protein-bound 4-hydroxynonenal (HNE) [a lipid peroxidation product], 3-nitrotyrosine (3NT), and protein carbonyls in the p50 (−/−) mice when compared to the WT. A proteomic profile analysis identified ATP synthase gamma chain, ubiquinolcyt-C reductase, heat shock protein 10 (Hsp10), fructose bisphosphate aldolase C, and NADH-ubiquinone oxidoreductase as proteins whose expressions were significantly increased in the p50 (−/−) mice compared to the WT. With the reduction in the levels of oxidative stress and the increase in expression of key proteins in the p50 (−/−) brain, this study suggests that the p50 subunit can potentially be targeted for the development of therapeutic interventions in disorders in which oxidative stress plays a key role. © 2008 Elsevier B.V. All rights reserved.
Introduction
Nuclear factor kappa B (NF-κB) is a key transcription factor that was earlier known to regulate immune and inflammatory processes and viral replication (Baeuerle and Henkel, 1994; Baldwin, 1996) . The NF-κB family of transcription factors play key roles in the regulation of cell growth, activation, differentiation, and survival. In addition, NF-κB plays an important role in synaptic plasticity and long-term memory formation (Albensi and Mattson, 2000; Mattson et al., 2000; Santoro et al., 2003) . The activation of NF-κB is responsible for transcription of various genes like: TNFα, interleukins, e.g., IL1, IL2, and IL6; chemokines, adhesion molecules; enzymes such as inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2) and proliferation-related proteins such as cyclin D1 among many others (Karin et al., 2002; Ferrucci et al., 2004; Chung et al., 2005; Donninger et al., 2004) . In mammals, this family of NF-κB consists of several proteins, which include NF-κB1 (p50), NF-κB2 (p52), RelA (p65), c-Rel (Rel), and RelB (Hayden and Ghosh, 2004) . A hallmark of this family of proteins is that they contain a highly conserved domain of~300 amino acids, termed the Rel homology domain, which contains sequences important for dimerization, DNA binding, and nuclear localization (Grilli et al., 1993; Hayden and Ghosh, 2004) . The classical and well-studied NF-κB heterodimer, which is also a potent activator of gene expression, is composed of p50 and p65 subunits. Unlike p65, p50 and p52 subunits lack transactivation domains and are produced either by the proteolytic processing of the precursor molecules p105 and p100 or cotranslationally from incompletely synthesized molecules by the proteasome Sun and Andersson, 2002; Moorthy et al., 2006) . NF-κB is expressed in many cell types in the nervous system and is constitutively active in subsets of cells in the cortex and hippocampus of the rodent brain at comparably low levels (Kaltschmidt et al., 1994; O'Neill and Kaltschmidt, 1997) . In resting cells, the classical NF-κB heterodimer p65/p50 is complexed with the inhibitor protein IκB, of which there are 5 known isoforms; IκBα, IκBβ, IκBγ, IκBɛ, and Bcl-3. NF-κB is sequestered as an inactive complex in the cytoplasm by IκB, until activation or stimulation of NF-κB in the cells leads to the phosphorylation and immediate proteasomal-mediated degradation of IκB. This leads to the nuclear translocation of NF-κB which then binds to the regulatory region of DNA and leads to transcription of various responsive genes Santoro et al., 2003; O'Donnell et al., 2005) . NF-κB can be activated in both transcriptional activating and repressing forms (Beg and Baltimore, 1996; May and Ghosh, 1998) . This dual role of NF-κB has indeed presented considerable complexities and difficulties in studies that try to examine the mechanisms of action of this transcription factor. Hence, the precise role of NF-κB and its related mechanistic pathways have not been completely established.
Other than the classical heterodimer composed of the p50 and p65 subunits, little is known about gene regulation by other hetero-and homodimeric forms of NF-κB (Gadjeva et al., 2004) . NF-κB knockouts have provided the best avenue for the investigation of the various roles of these subunits in the activation of NF-κB. It is known that p50-deficient mice develop normally, though they display functional defects in immune response (Beg et al., 1995) . Neurons from p50 knockout mice survive well in culture and are no more sensitive or resistant to neuronal death than wild type neurons (Aleyasin et al., 2004) . On the other hand, p65 knockouts have been shown to have defects during development and to die prematurely of liver apoptosis (Beg et al., 1995; Hayden and Ghosh, 2004) . As a result, p50 knockout mice are preferred in studies that try to elucidate various mechanisms of NF-κB-related activity.
Considering the above, the current study involved further analysis of the p50 subunit of NF-κB. Since most studies on p50 knockout mice have so far been carried out using a wide range of stimuli (Weih et al., 1997; Iimuro et al., 1998; Pennypacker et al., 2001; Mabley et al., 2002; Gadjeva et al., 2004; Kassed and Herkenham, 2004) , the present study provided a unique opportunity for investigating the role of p50 subunit in a stimulus-free experimental setting. We hypothesized that the homozygous knockout of the p50 (−/−) subunit could potentially be protective in a stimulus-free environment through an oxidative stress mechanism. To test our hypothesis, we measured the levels of oxidative stress biomarkers in the frontal cortex of WT and p50 (−/−) mice and observed a significant reduction in the levels of lipid peroxidation, as measured by the lipid peroxidation product HNE, and the levels of protein oxidation, as measured by the levels of 3-nitrotyrosine (3NT) and protein carbonyls, in the brains of p50 (−/−) mice compared to the WT. We further carried out a differential expression proteomic analysis on brain proteins of the p50 (−/−) mice, and we identified five proteins to be significantly increased in expression in the p50 (−/−) mice when compared to the WT. We determined that the lack of the p50 subunit makes the brain of mice less susceptible to oxidative stress and also activates the expression of key proteins involved in energy metabolism and antioxidant activity. Hence, this study has provided insights into the role of the p50 subunit of NF-κB and additional evidence on the mechanism of NF-κB activation.
Results

Levels of oxidative stress
The levels of protein carbonyls, 3NT and 4-hydroxnonenal (HNE) as indicators of oxidative stress were measured in the frontal cortex of p50 (−/−) mice and compared to WT. Fig. 1 shows total protein oxidation measured by the accumulation of protein carbonyls and 3NT and also the levels of lipid peroxidation as measured by protein-bound HNE. There was a significant decrease in the levels of all oxidative stress parameters measured in brains of the p50 (−/−) mice compared to that of WT. 
2.2.
Protein expression levels Two-dimensional electrophoresis offers an excellent tool for the screening of abundant protein changes in various disease states (Butterfield, 2004) . To assess whether there were any changes in the proteomic profile in the brain of p50 (−/−) mice, we investigated the pattern of protein expression in the frontal cortex from the p50 (−/−) mice compared to the wild type. Comparing the densitometric intensities of individual spots on the gels, five proteins were expressed at significantly higher levels in the frontal cortex of p50 (−/−) mice compared to the wild type. Fig. 2A shows SYPRO ruby-stained 2D gels of the p50 (−/−) mice (KO) vs. wild type (WT) groups, with identified protein boxed and labeled. Fig. 2B provides an expanded view of select proteins showing their increased expression. The brain proteins identified with increased expression in the p50 (−/−) mice were: ATP synthase gamma chain, ubiquinol-cyt-C reductase, heat shock protein (Hsp10), fructose bisphosphate aldolase C and NADH-ubiquinone oxidoreductase. These proteins identified by mass spectrometry are shown in Table 1 . Table 2 provides the changes in densitometric intensities of protein levels expressed as arbitrary units (A.U.) ± S.E.M. Table 1 shows that the Mowse scores obtained are all highly significant and that the probability of a random identification using proteomics is exceedingly small (i.e., p < 8.0 × 10
).
Discussion
In the present study we have observed that the complete knockout of the p50 subunit in a stimulus-free experimental setting leads to a reduction in the levels of oxidative damage in the p50 (−/−) mice brain when compared to that of the wild type mouse. We observed a significant reduction in the levels of oxidative stress biomarkers, i.e., protein carbonyls, 3NT and protein modification by the lipid peroxidation product HNE. In addition, following a proteomic profile analysis of the frontal cortex of the p50 (−/−) mice brain, there was a significant increase in the expression of proteins related to energy metabolism and antioxidant activity compared to wild type.
These results are an intriguing finding and are discussed here with relevance to the mechanism of NF-κB transcription factor, and in particular the possible role of the p50 subunit in oxidative stress in a stimulus-free environment.
The disruption of the p50 subunit in various experimental settings has generated a number of interesting findings. These include increased oxidative stress, calcium dysregulation, and damage to striatal neurons following treatment with mitochondrial toxin 3-nitropropionic acid (3NP) (Yu et al., 1999) ; negative modulation of learning abilities and hippocampal response to brain injury (Kassed et al., 2002) ; higher constitutive expression of COX-2 following an acute inhalation of pulmonary irritant ozone (Mabley et al., 2002; Fakhrzadeh et al., 2004) ; and age-related neuronal degeneration (Lu et al., 2006) in p50 knockout mice. On the contrary, studies have shown that NF-κB p50-deficient mice show increased hippocampal neuronal survival and reduced infarct size after middle cerebral artery occlusion (Schneider et al., 1999; Pennypacker et al., 2001; Nurmi et al., 2004) . Further, kainate induced excitotoxity by the AMPA-glutamate receptor subunit GluR1 in neuronal culture is inhibited by antisense knockdown of NF-κB p50 (Yu et al., 2002) . The studies mentioned above provide two differing views resulting from the disruption of the p50 subunit of NF-κB. While one group shows a protective and beneficial effect, the other group shows a deleterious effect. To make matters more difficult to interpret, p50 knockout mice have elicited a wide range of immune responses to infections. The knockouts have shown to be more susceptible to some bacterial infections, such as Streptococcus pneumonie, respond normally to others, such as Escherichia coli, and are more resistant to viruses, such as murine encephalomyocarditis compared to wild type . These multiple findings present researchers with a difficult task of trying to conclusively elucidate the exact mechanisms of this key transcription factor (Lipton, 1997) .
It has been shown that NF-κB is redox regulated and that oxidative stress is an activator of NF-κB. NF-κB is a known regulator of gene transcription and most agents that activate NF-κB trigger the formation of reactive oxygen species (ROS), or are oxidants themselves (Laskin and Pendino, 1995; Flohe et al., 1997; Kim et al., 2000; Chung et al., 2005) . In the present study, we observed a significant decrease (20-30%) in the levels of oxidative stress as indexed by oxidative stress biomarkers, i.e., protein carbonyls, 3NT and lipid peroxidation product HNE in the brains of p50 (−/−) mice compared to those (Je et al., 2004) . Reduction in the levels of oxidative damage in various neurodegenerative models, for example through the use of antioxidants or related compounds, has strong implications in various physiological functions (Farr et al., 2003; Poon et al., 2004b) . As a result, the reduced levels of HNE and other oxidative stress biomarkers in the p50 (−/−) mice observed in the present study could thus inhibit the activation of NF-κB leading to a possible protective mechanism.
Since the p65 but not the p50 subunit of NF-κB has a transactivation domain, there is a possibility that the observed protective effects of knocking out the p50 subunit could be a result of a compensatory mechanism elicited by p65. This compensatory phenomenon has previously been observed in a number of p50 knockout studies (Beg et al., 1995; Iimuro et al., 1998; Kato et al., 2002; Gadjeva et al., 2004) . We propose that p65's compensatory role would lead to a more functional NF-κB transcription factor and enhance its activity leading to the increased transcription of protective genes that eventually result in the reduction of the levels of oxidative stress observed in the current study.
It is also probable that other pathways in the activation of NF-κB could be playing a role in the mechanisms leading to the reduction in oxidative stress levels observed in the p50 (−/−) mice. One potential pathway could be the involvement of nuclear factor-erythroid 2-related factor 2 (Nrf2). Nrf2 regulates the basal and inducible expression of various antioxidant and other cytoprotective genes (Motohashi and Yamamoto, 2004) . A possible cross-talk between these redox-sensitive transcription factors has been proposed (Yang et al., 2005) . Nrf2 regulates NF-κB activation largely by modulating its upstream signaling components since just like NF-κB, Nrf2 is also redox regulated (Thimmulappa et al., 2006) . Thus, the deletion of the p50 subunit would possibly play a role in the interaction of these two transcription factors leading to the transcription of a broad range of antioxidants resulting in the decreased levels of oxidative stress observed. We should, however, say that this is still a speculation.
In addition to a reduction in the levels of oxidation observed in the p50 (−/−) mice, we also observed a significant increase in the expression of key proteins related to energy metabolism and cytoprotective activities. This is not surprising since it has previously been shown that oxidative stress induces activation of NF-κB leading to the up-regulation of antioxidant enzymes such as glutathione peroxidase and catalase among others (Messina et al., 2006) . There was a significant increase in the expression of key energy metabolism-related proteins in the p50 (−/−) mice compared to the wild type. Among these was NADH-ubiquinone oxidoreductase, also known as Complex I. It couples the oxidation of NADH and the reduction of ubiquinone, leading to the generation of a proton gradient which is then used for generation of ATP in the mitochondria (Weiss et al., 1991) . Another elevated protein in p50 (−/−) mice was ubiquinolcytochrome-C reductase, also known as the bc 1 complex or complex III. This protein is the central redox enzyme in the ETC and catalyzes the oxidation of diverse quinols by high potential redox-carriers. In the process, a proton gradient is generated that is utilized for the generation of ATP (Mulkidjanian, 2005) . ATP synthase, also known as Complex V, which is a mitochondrial enzyme that utilizes the electrochemical proton gradient established across the inner mitochondrial membrane by the ETC for synthesis of ATP (Leyva et al., 2003) , is another elevated protein in p50 (−/−) mice. Fructose bisphosphate aldolase C (FBP), which is a glycolytic enzyme that catalyses the reversible aldol cleavage or condensation of fructose-1, 6-bisphosphate into dihydroxyacetone-phosphate and glyceraldehyde 3-phosphate (Perham, 1990) , is also elevated in brains of p50 (−/−) mice. The increase in expression of these proteins would result in efficient mechanisms for the generation of a proton gradient, improved glycolytic function, and an overall increase in energy metabolism, thereby enhancing the crucial cellular process of ATP generation and energy dependent process in the p50 (−/−) mice.
We also observed a significant increase in the expression of heat shock protein 10 (Hsp10), also known as chaperonin 10 in the p50 (−/−) mice compared to the wild type. Heat shock proteins (HSP) are a family of molecules that are highly conserved during evolution and involved in many cellular functions. HSP 10 is a mitochondrial protein particularly involved in protein folding. Increased expression of HSPs has recently been reported in neurodegenerative disorders (Poon et al., 2004a) . As a result, the increase in the expression of HSP10 in the p50 (−/−) mice compared to the wild type observed here could mean enhanced activity leading to proper folding of proteins and more protection against oxidative stress, thereby contributing to the significant reduction of oxidative stress observed in these p50 (−/−) mice. Thus, the increase in expression of three key proteins of the ETC, a glycolytic enzyme, and a chaperone protein discussed above ensures not only sufficient generation of adequate ATP that would lead to improved cellular activities and hence survival in the p50 (−/−) mice, but also the proper folding of proteins.
Another possible explanation for the increase in the expression of the aforementioned proteins is a retrograde signaling pathway from the mitochondria in a vain attempt to recruit the knocked out p50 subunit to the nucleus for transcription in a compensatory mechanism. It has been shown that calcineurin (Cn), a calcium dependent phosphatase, can dephosphorylate the NF-κB inhibitor IκBβ when the mitochondrion is stressed (Biswas et al., 2003) . The current study did not involve a stimulus, but the up-regulation of mitochondrial ETC proteins, a glycolytic enzyme to help provide eventual substrates for ETC, and a mitochondrial specific heat shock protein conceivably suggests that the mitochondria are trying to signal for transcription of p50 target genes. Due to the diverse nature of the NF-κB signaling pathway this hypothesis is not outside the realm of possibility, but is presently speculative.
The present study and those mentioned in this manuscript underscore the complexities surrounding the mechanisms of NF-κB. The ultimate biological effect of NF-κB is highly dependent on the stimulus responsible for its activation or repression, the subunit composition of the gene targets, and cell type among many other factors (Culmsee et al., 2003) . With these many variables to consider, a wide scope in the interpretation of results would be expected. Not much is known about the association between the p50 subunit of NF-κB and oxidative stress, particularly in a stimulus-free environment. It should be noted that whereas all these studies mentioned in this manuscript had various stimuli, in the present study no stimulus was given. We have shown that there is a reduction in the levels of oxidative stress and that there is also a significant increase in the expression of brain proteins related to energy metabolism and cytoprotective activities in the frontal cortex of the p50 (−/−) mice compared to wild type. The proposed mechanisms leading to the observed effects are currently speculative and require additional studies. Recognizing that additional studies are required to elucidate the functional consequence of the observed phenomenon, this study still provides insightful findings on the role of NF-κB transcription factor, and in particular its p50 subunit, in a stimulus-free environment.
4.
Experimental procedures
Animals
Male wild type (n = 5) and NF-κB p50 −/− mice [B6, 129P-Nfkb1] (n = 5) were received from Jackson Laboratory at 4-6 weeks and were sacrificed at 7-9 weeks. They were housed in a temperature and humidity controlled room with a 12:12 h light:dark cycle, with food and water available ad libitum. All procedures and protocols were approved by the Institutional Animal Care and Use Committee. Neural degeneration has been described for p50 −/− mice at 6 and 10 months of age (Lu et al., 2006) .
Measurement of protein carbonyls
Protein carbonyls are an index of protein oxidation and were determined as described previously (Butterfield and Stadtman, 1997) . Briefly, samples (5 μg of protein) were derivatized with 10 mM 2, 4-dinitrophenylhydrazine (DNPH) in the presence of 5 μL of 12% sodium dodecyl sulfate for 20 min at room temperature (23°C). The samples were then neutralized with 7.5 μL of the neutralization solution (2 M Tris in 30% glycerol). Derivatized protein samples were then blotted onto a nitrocellulose membrane with a slot-blot apparatus (250 ng per lane). The membrane was then washed with wash buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20) and blocked by incubation in the presence of 5% bovine serum albumin, followed by incubation with rabbit polyclonal anti-DNPH antibody (1: 100 dilution) as the primary antibody for 1 h. The membranes were washed with wash buffer and further incubated with alkaline phosphatase-conjugated goat anti-rabbit antibody as the secondary antibody for 1 h. Blots were developed using fast tablet (BCIP/NBT; Sigma-Aldrich) and quantified using Scion Image (PC version of Macintoshcompatible NIH Image) software. No non-specific background binding of the primary or secondary antibodies was found.
Measurement of 3-nitrotyrosine (3-NT)
Nitration of proteins is another form of protein oxidation . The nitrotyrosine content was determined immunochemically as previously described . Briefly, samples were incubated with Laemmli sample buffer in a 1:2 ratio (0.125 M Trizma base, pH 6.8, 4% sodium dodecyl sulfate, 20% glycerol) for 20 min. Protein (250 ng) was then blotted onto the nitrocellulose paper using the slot-blot apparatus and immunochemical methods as described above for protein carbonyls. The mouse antinitrotyrosine antibody sigma (5:1000 dilutions) was used as the primary antibody and alkaline phosphatase-conjugated anti-mouse secondary antibody was used for detection. Blots were then scanned using scion imaging and densitometric analysis of bands in images of the blots was used to calculate levels of 3-NT. No non-specific binding of the primary or secondary antibodies was found.
Measurement of 4-hydoxynonenal (HNE)
HNE is a marker of lipid oxidation and the assay was performed as previously described (Lauderback et al., 2001) . Briefly, 10 μL of sample was incubated with 10 μL of Laemmli buffer containing 0.125 M Tris base pH 6.8, 4% (v/v) SDS, and 20% (v/v) Glycerol. The resulting sample (250 ng) was loaded per well in the slot blot apparatus containing a nitrocellulose membrane under vacuum pressure. The membrane was blocked with 3% (w/v) bovine serum albumin (BSA) in phosphate buffered saline containing 0.01% (w/v) sodium azide and 0.2% (v/v) Tween 20 (PBST) for 1 h and incubated with a 1:5000 dilution of anti-4-hydroxynonenal (HNE) polyclonal antibody (sigma) in PBST for 90 min. Following completion of the primary antibody incubation, the membranes were washed three times in PBST. An anti-rabbit IgG alkaline phosphatase secondary antibody was diluted 1:8000 in PBST and added to the membrane. The membrane was washed in PBST three times and developed using Sigmafast Tablets (BCIP/ NBT substrate). Blots were dried, scanned with Adobe Photoshop, and quantified by Scion Image. A small background of the primary antibody binding to the membrane was found, but this was the same in both control and subject blots.
Two-dimensional electrophoresis
Sample preparation
Brain samples (200 μg) were incubated with 4 volumes of 2 N HCl at room temperature for electrophoresis. Proteins were then precipitated by the addition of ice-cold 100% trichloroacetic acid (TCA) to obtain a final concentration of 15% TCA. Samples were then placed on ice for 10 min and precipitates centrifuged at 16,000 g for 3 min. The resulting pellet was then washed three times with a 1:1(v/v) ethanol/ethyl acetate solution. The samples were then suspended in 200 μL of rehydration buffer composed of a 1:1 ratio (v/v) of the Zwittergent solubilization buffer (7 M urea, 2 M thiourea, 2% Chaps, 65 mM DTT, 1% Zwittergent 0.8% 3-10 ampholytes and bromophenol blue) and ASB-14 solubilization buffer (7 M urea, 2 M thiourea 5 mM TCEP, 1% (w/v) ASB-14, 1% (v/v) Triton X-100, 0.5% Chaps, and 0.5% 3-10 ampholytes) for 1 h.
First-dimension electrophoresis
For the first-dimension electrophoresis, 200 μL of sample solution was applied to 110-mm pH 3-10 ReadyStrip™ IPG strips (Bio-Rad, Hercules CA). The strips were then actively rehydrated in the protean Isoelectric focusing (IEF) cell (BioRad) at 50 V for 18 h. The isoelectric focusing was performed in increasing voltages as follows; 300 V for 1 h, then linear gradient to 8000 V for 5 h and finally 20,000 V/h. Strips were then stored at − 80°C until the 2nd-dimension electrophoresis was to be performed.
Second-dimension electrophoresis
For the second dimension, the IPG® strips, pH 3-10, were equilibrated for 10 min in 50 mM Tris-HCl (pH 6.8) containing 6 M urea, 1% (w/v) sodium dodecyl sulfate (SDS), 30% (v/v) glycerol, and 0.5% dithiothreitol, and then re-equilibrated for 15 min in the same buffer containing 4.5% iodacetamide instead of dithiothreitol. Linear gradient precast criterion TrisHCl gels (8-16%) (Bio-Rad) were used to perform seconddimension electrophoresis. Precision Protein™ Standards (Bio-Rad, CA) were run along with the sample at 200 V for 65 min.
SYPRO ruby staining
After the second-dimension electrophoresis, the gels were incubated in fixing solution (7% acetic acid, 10% methanol) for 20 min and stained overnight at room temperature with 50 mL SYPRO Ruby gel stain (Bio-Rad). The SYPRO ruby gel stain was then removed and gels stored in DI water. It has been previously reported that 2D gel protein spots as low as 1 ng can be detected with SYPRO Ruby stain (Nishihara and Champion, 2002 ) over a dynamic range of 3-orders of magnitude (Nishihara and Champion, 2002) .
Image analysis
SYPRO ruby-stained gel images were obtained using a STORM phosphoimager (Ex. 470 nm, Em. 618 nm, Molecular Dynamics, Sunnyvale, CA, USA) and also saved in TIFF format. Gel imaging was software-aided using PD-Quest (Bio-Rad) imaging software. Briefly, a master gel was selected followed by normalization of all gels (WT and KO) according to the total spot density. Gel to gel analysis was then initiated in two parts. First, manual matching of common spots that could be visualized among the differential 2D gels was done. After obtaining a significant number of spots the automated matching of all spots was then initiated. This generated a large pool of data, and only proteins showing significant differential expression between the two groups being analyzed were considered.
In-gel trypsin digestion
Protein spots statistically different from controls were digested in-gel by trypsin using protocols previously described and modified by Thongboonkerd et al. (2002) . Briefly, spots of interest were excised using a clean blade and placed in Eppendorf tubes, which were then washed with 0. 
Mass spectrometry
A MALDI-TOF mass spectrometer in the reflectron mode was used to generate peptide mass fingerprints. Peptides resulting from in-gel digestion with trypsin were analyzed on a 384 position, 600 μm AnchorChip™ Target (Bruker Daltonics, Bremen, Germany) and prepared according to AnchorChip recommendations (AnchorChip Technology, Rev. 2, Bruker Daltonics, Bremen, Germany). Briefly, 1 μL of digestate was mixed with 1 μL of alpha-cyano-4-hydroxycinnamic acid (0.3 mg/mL in ethanol:acetone, 2:1 ratio) directly on the target and allowed to dry at room temperature. The sample spot was washed with 1 μL of a 1% TFA solution for approximately 60 s. The TFA droplet was gently blown off the sample spot with compressed air. The resulting diffuse sample spot was recrystallized (refocused) using 1 μL of a solution of ethanol: acetone:0.1% TFA (6:3:1 ratio). Reported spectra are a summation of 100 laser shots. External calibration of the mass axis was used for acquisition and internal calibration using either trypsin autolysis ions or matrix clusters and was applied post acquisition for accurate mass determination.
Analysis of peptide sequences
Peptide mass fingerprinting was used to identify proteins from tryptic peptide fragments by utilizing the MASCOT search engine based on the entire NCBI and SwissProt protein databases. Database searches were conducted allowing for up to one missed trypsin cleavage and using the assumption that the peptides were monoisotopic, oxidized at methionine residues, and carbamidomethylated at cysteine residues. Mass tolerance of 150 ppm, 0.1 Da peptide tolerance and 0.2 Da fragmentation tolerance were the window of error allowed for matching the peptide mass values . Probability-based MOWSE scores were estimated by comparison of search results against estimated random match population and were reported as −10⁎ log10 (p), where p is the probability that the identification of the protein is a random event. MOWSE scores greater than 63 were considered to be significant (p < 0.05). All protein identifications were in the expected size and isoelectric point (pI) range based on the position in the gel.
Statistical analysis
Statistical analysis of differentially expressed protein levels matched with spots on 2D-gels from frontal cortex brain samples of the p50 (−/−) and wild type (WT) was used and carried out using Student's t-tests. Here we report a comparative proteomics analysis of p50 (−/−) vs. WT. A value of p < 0.05 was considered statistically significant. Only proteins that are considered significantly different by Student's t-test were subjected to in-gel trypsin digestion and subsequent proteomic analysis.
